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Overview: Laser-Induced Breakdown Spectroscopy (LIBS)
and Raman spectroscopy (RS) are very complementary tech-
niques. RS yields information about minerals and their
polymorphs, and also identifies organic molecules from vi-
brational spectra. LIBS yields detailed information on ele-
mental compositions, including many minor and trace ele-
ments. Here we present a combined data set of remote LIBS
and RS measurements, showing how they complement each
other.
Introduction: Recent work has discussed combining these
techniques, and provided a few examples of their comple-
mentarity. Burgio et al. [1] used the combination to provide
in-situ analyses of paint pigments in a historic art work.
Wiens et al. [2] discussed the feasibility of constructing an
instrument, suitable for spaceflight, that would be capable of
both techniques. Recent papers have demonstrated the feasi-
bility of using both techniques at stand-off distances, includ-
ing using remote RS to distinguish coral from calcite, which
looked identical to LIBS, and using LIBS to determine the
Fe/Mg ratio of an olivine and the Mg/Ca ratio of a dolomite,
which can be difficult for RS [3-4].
Experimental Setup: The experimental set-up for the re-
mote Raman system used a Big Sky Nd:YAG laser, fre-
quency doubled to 532 nm at 20 Hz. The signal was col-
lected with a 125 mm diameter reflecting telescope, coupled
to a Raman Holospec spectroscope through a 100 pm slit
after passing through a holographic super-notch filter to
remove incident laser light [3]. The spectrograph was cou-
pled directly to the telescope without passing the light
through an optical fiber. The detector was an intensified
CCD detector from Princeton Instruments. For details of the
directly coupled remote Raman set up see Misra et al. [4].
The LIBS set-up used a Surelite Continuum Nd:YAG la-
ser, also frequency doubled to 532 nm at 20 Hz, with a
maximum power of 35 mJ. (This laser was used for conven-
ience). A 5x beam expander was placed in front of the laser,
with the light focused on the sample, at a distance of 8.3 m.
The return light was collected by a 10.8 cm diameter Newto-
nian reflecting telescope with out a glass window, and was
focused into a 200 pm diameter optical fiber. The fiber al-
ternately fed the light into one of two Ocean Optics HR2000
spectrometers configured for 225-320 nm (“UV unit”) and
385-460 nm (“VIS unit”) wavelength ranges. These are
similar in their optical properties to the units to be flown on
the ChemCam LIBS instrument on MSL. A third spectral
range was provided by the remote RS system’s telescope and
Holospec spectroscope. The integration times were 3 and 10
seconds for the VIS and UV spectrographs, and 30 sec at a
gain of 150 for the Holospec/ICCD. LIBS and RS data were

obtained sequentially, as each technique requires a signifi-
cantly different laser power density at the target. The LIBS
spot size with this setup was ~600 pm, whereas the Raman
spot size was ~1 cm.

Samples: We chose to compare two sets of calcium-bearing
minerals: anhydrite (CaSO,) and gypsum (CaSO,2H,0),
two sulfates which differ in their major chemistry only by
the presence of water, and dolomite (CaMg(CO3),) and diop-
side (CaMgSi,Og). In both sets, the cation major element
chemistry is identical.

Results: The work presented here shows the ability to com-
bine remote LIBS and Raman spectroscopy in order to infer
cationic composition and mineralogy on planetary surfaces.

Fig. 1A shows the LIBS spectra of anhydrite and gypsum
in the range of 240-720 nm. The major cation in these two
minerals is calcium, and calcium lines dominate the two
spectra. The LIBS spectrum was recorded in the air, and no
sulfur peak was observed. Sulfur lines are observed in LIBS
spectra measured under low CO, atmosphere [7] similar to
on Mars. In the LIBS spectrum, the presence of hydrogen is
indicated by a broad line 656 nm. The LIBS spectrum of
gypsum, which has water crystallization, displays the H line,
distinguishing it from anhydrite. The spectrum of anhydrite
also indicates the presence of trace Li (670.8 nm), Na (589
nm), Sr (407.8, 421.6 nm), and Mg (280, 285 nm).

The Raman spectra of anhydrite and gypsum are seen in
fig. 1B. Strong lines at 1018 cm™ and 1014 cm™ are ob-
served in the Raman spectra of anhydrite and gypsum, re-
spectively. These lines are Raman fingerprints of SO, ions,
and correspond to the symmetrical stretching mode of oxy-
gen of SO, ions. The regions of 400-500 cm™, 600-700 cm™,
and 1100-1200 cm™ show internal modes of SO, ions. The
lines at 1558 cm™ and 2333 ecm™ are symmetrical stretching
modes of atmospheric oxygen and nitrogen, respectively. In
the Raman spectrum of gypsum, two strong lines are ob-
served at about 3400 cm™ and 3500 cm™ (not shown in fig-
ure 1b). These two lines correspond to v(O-H1) and v(O-
H2) modes of water molecules [8]. No such band is ob-
served in the spectrum of anhydride indicating that anhydrite
does not have water in its structure. The fingerprints of the
SO, ions and O-H stretching modes in the spectra of these
two minerals can be used to identify unknown SO, contain-
ing minerals. The bands in the O-H stretching region can be
used to discriminate between hydrous and anhydrous miner-
als.

Although indirect information about the major cations
can be obtained from the position and splitting of normal
lines, the Raman spectra do not provide any information
about trace elements that may be present. By combining
LIBS and Raman results, it is possible to provide complete
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Fig.1: (A) LIBS spectra (B) Raman spectra of gypsum and
anhydrite.

information about elemental composition and mineral struc-
ture.

The LIBS spectra of dolomite (CaMg(COs3),) and diop-
side (CaMgSi,0¢) are shown in fig. 2A in the range from
240-720 nm. The two major cations in these two minerals
are Ca and Mg, and these lines dominate the two spectra.
The weak C emission line at 247.7 nm is apparently just
below the detection limit under these conditions, for the
dolomite sample. Both samples show Si emission lines at
288.2 and 251-253 nm, though these lines are much less
prominent in the dolomite sample, and must represent a mi-
nor phase. The dolomite sample also shows Li, and rela-
tively strong Sr and Ba (455.4 nm) peaks, characteristic of
carbonate.

In the Raman spectrum of dolomite, the symmetrical
stretch of carbonate ions is at 1097cm™. The band at 723
em™ and 1443cm ' correspond to symmetrical banding and
atisymmetric stretch of carbonate ions. The weak band at
1761 cm™ [6] is a combination mode. The low frequency
bands at 176 cm™ and 300 cm™ are characteristic of dolomite
lattice modes. On the basis of lattice and internal modes of

Raman active vibrations, carbonate
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Fig. 2: (A) LIBS spectra (B) Raman spectra of diopside and
dolomite.

minerals can be identified.

As discussed before, the LIBS spectra provide informa-
tion about the presence of minor cations. Interestingly no
Raman band characteristic of silicate was observed in the
dolomite Raman spectrum, indicating that the contaminates
are not homogeneously distributed in the dolomite crystal.

The Raman spectrum of diopside in fig. 2B shows two
strong bands at 662cm™ and 1009cm™. The 662cm™ Raman
band is the fingerprint of a pyroxene silicate chain. This
band corresponds to symmetrical stretching of bridging oxy-
gen (vy(Si-0-Si)). The 1009 cm™ band corresponds to sym-
metrical stretching of nonbridging oxygen (v4(Si-O")). These
bands can be used to determine the presence of pyroxenes on
planetary surfaces. By combining LIBS (fig. 2A) with Ra-
man spectroscopy, we could obtain information both on the
major and minor cationic composition and mineral phases.
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